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Myocarditis and dilated cardiomyopathy {#s01}
======================================

Defined as mononuclear inflammation of the heart muscle with damage to adjacent myocytes, myocarditis is a major cause of sudden death in adolescents and young adults \[[@bib-001]-[@bib-003]\]. In about 21% of cases, myocarditis evolves into chronic inflammatory dilated cardiomyopathy, which further progresses to heart failure \[[@bib-004],[@bib-005]\]. The outcome of dilated cardiomyopathy is poor with a 5 year mortality of 46% \[[@bib-001]\]. Although in the majority of cases the cause of myocarditis remains unknown, a great deal of evidence supports an association with a prior viral infection. The most frequently associated viruses include coxsackievirus B3, adenovirus, parvovirus B19, cytomegalovirus, Epstein-Barr virus, human immunodeficiency virus and hepatitis viruses A and C.

Coxsackievirus B3, an enterovirus in the picornavirus family, is a non-enveloped positive-stranded RNA virus \[[@bib-006]\]. Commonly associated with mild upper respiratory or gastrointestinal symptoms, infected individuals may develop acute viral myocarditis. It is attributed to a direct cytopathic effect of coxsackievirus B3 on cardiomyocytes. The great majority of patients recover spontaneously from acute viral myocarditis, but approximately 10% of cases evolve into chronic myocarditis \[[@bib-007]\]. Although viral RNA can often be identified in the cardiac tissue of such myocarditis patients, an intact infectious virus is not evident \[[@bib-008]\]. At the same time, many of the chronic myocarditic patients develop heart-reactive autoantibodies, suggesting an autoimmune mechanism \[[@bib-001],[@bib-009],[@bib-010]\]. Cardiac antibodies include those specific for intracellular antigens, including cardiac myosin heavy chain, cardiac troponin I, mitochondrial antigens (such as adenine nucleotide translocator) and branched-chain alpha-keto dehydrogenase \[[@bib-002]\]. In addition, antibodies to cardiac cell surface receptors, especially the β1-adrenergic receptor and the M2 muscarinic receptor, have been described. It is still not known how many of these antibodies play a role in the pathogenesis of chronic myocarditis and dilated cardiomyopathy.

There are several distinct histologic and clinical forms of chronic myocarditis \[[@bib-001]\]. In lymphocytic myocarditis, the extensive infiltration of monocytes and lymphocytes is seen in the myocardium with evidence of myocyte necrosis. This form of the disease can usually be managed successfully, especially if diagnosed early \[[@bib-003]\]. Giant cell myocarditis and necrotizing eosinophilic myocarditis (less common forms of the disease) have especially high fatality rates. Establishing a definitive diagnosis of chronic myocarditis usually requires an endomyocardial biopsy.

Among cases of chronic lymphocyte myocarditis that fail to resolve spontaneously, a subpopulation proceeds to dilated cardiomyopathy \[[@bib-001]\]. This disease is characterized by left ventricular dilatation and impaired cardiac output. Dilated cardiomyopathy patients are prone to congestive heart failure with a 5 year mortality rate of 46%. In the cases where supportive cardiac treatment fails, survival requires cardiac transplantation. Histologically, dilated cardiomyopathy is characterized by extensive replacement of heart muscle cells with fibroblasts and deposition of collagen \[[@bib-005]\]. Described as cardiac remodeling, it represents extensive healing. A fibrotic heart is not functional, so that dilated cardiomyopathy represents the end of a long train of events initiated by viral infection, progressing to an inflammatory autoimmune disease and concluding in an irreversible fibrotic outcome -- the wreck at the end of the train ride \[[@bib-006]\].

Constructing a model {#s02}
====================

The evidence cited above suggests autoimmunity as a plausible mechanism in driving the train of events from a virus infection to autoimmune inflammation. Since coxsackievirus B3 was the virus most often implicated in human myocarditis, we selected this agent to devise an experimental model suitable for detailed mechanistic studies. Fortunately, well-studied models of coxsackievirus B3-induced myocarditis in mice were available from the investigations of Sally Huber and her colleagues \[[@bib-011],[@bib-012]\]. Since coxsackievirus B3 infection is quite common, but chronic myocarditis is relatively uncommon, we started with the premise that an immunopathic outcome depends upon restricted genetic susceptibility. For that reason, we infected some 25 genetically different strains of inbred mice with a well-studied cardiotropic strain of coxsackievirus B3 Nancy strain virus \[[@bib-013]\]. All strains of mice tested developed acute myocarditis starting 2 or 3 days after coxsackievirus B3 infection. Inflammation reached its peak about day 7 and gradually resolved in most mice so that by day 21, the heart appeared histologically normal. Viral genome persisted, but we detected no infectious virus in the heart after day nine. In a few strains of mice, myocarditis persisted, but with a distinct change in the histologic picture. Furthermore, the mouse strains that developed this chronic phase of myocarditis produced autoantibodies specific for cardiac myosin heavy chain, resembling those we had seen in patients with chronic myocarditis.

These findings provided the basis for our premise that chronic myocarditis represents a heart-specific autoimmune response initiated by the viral infection. In order to support this hypothesis, we immunized mice with purified mouse cardiac myosin \[[@bib-014]\]. All of the mouse strains susceptible to chronic myocarditis following coxsackievirus B3 infection developed disease approximating post-viral myocarditis. In contrast, C57/BL10 and C57/BL6 mice, which are resistant to post-infection chronic myocarditis, failed to develop disease following immunization with purified mouse cardiac myosin. No heart lesions were found in any of the controls that received purified skeletal myosin rather than cardiac myosin, in accordance with the organ-specific character of the disease.

To provide further evidence that this inflammatory autoimmune heart disease is due to the response to cardiac-specific myosin, experiments were done tolerizing genetically susceptible mice to cardiac myosin \[[@bib-015],[@bib-016]\]. Genetically susceptible mice tolerized to cardiac myosin failed to develop chronic myocarditis following viral infection.

This finding initially suggested that the chronic phase of myocarditis represents an immune response intiated by T cell mimicry between an epitope on the coxsackievirus B3 virus and cardiac myosin. Extensive evidence supporting this view was reviewed by Madeleine Cunningham \[[@bib-017]\]. On the other hand, Gauntt *et al.* \[[@bib-018]\] and Horwitz *et al.* \[[@bib-019]\] produced evidence showing that the autoimmune myocarditis involves virus inflicting damage to the heart. These findings suggest the alternative interpretation that virus infection injures the myocytes. The damage mobilizes intracellular cardiac myosin and releases the alarmins required for the adjuvant effect. In our hands, the immunization of mice with concentrated inactivated coxsackievirus B3 with complete Freund's adjuvant consistently failed to induce cardiac-specific antibodies or myocarditis even in highly susceptible A/J strains of mice \[[@bib-013],[@bib-020]\].

To establish definitively that chronic myocarditis is caused by an autoimmune response, adoptive transfer experiments were conducted using donors immunized with either cardiac myosin or a purified peptide of cardiac myosin. The transfer of myosin-specific CD4 T cells induced autoimmune myocarditis in appropriately prepared syngeneic recipients \[[@bib-021]\]. The development of myocarditis was fully inhibited by a monoclonal antibody to CD4 helper T cells and genetic susceptibility resides in the CD4 T cell \[[@bib-022]\]. The contribution of the CD8 T cell is still unsettled because it can either suppress or promote myocarditis depending on the time and method of depletion \[[@bib-023],[@bib-024]\].

The finding that susceptibility to autoimmune myocarditis is genetically restricted provided a unique opportunity to delineate genetic control of an infection-induced autoimmune disease \[[@bib-025]\]. H2 haplotype affects the response since A/J and A.SW mice develop severe disease, whereas A.BY mice (with the same background genes) produce minimal lesions. Unlike most autoimmune diseases, further study showed that non-H2 background genes are especially prominent in determining susceptibility. For example, A.SW mice developed severe autoimmune myocarditis whereas B10.S mice, sharing the same H2 genes, show only limited response to immunization with purified cardiac myosin. Genome-wide linkage analysis revealed at least 2 loci had significant effects on the susceptibility to autoimmune myocarditis: *eam-1* located on the proximal end of chromosome 1 and *eam-2,* which is distal on chromosome 6 \[[@bib-026]\]. Both of these chromosomal segments bear genes determining susceptibility to a number of other autoimmune diseases. We proposed that multiple genes controlling normal immunoregulatory processes are key in determining autoimmunity, with chance aggregation of particular alleles contributing to greater susceptibility to autoimmune disease.

Although most autoimmune diseases are more common in women, myocarditis in humans is an example of an autoimmune disease with greater prevalence in men. Similarly, in the experimental models, either induced by viral infection or by immunization with cardiac myosin, male mice are more prone to develop severe disease \[[@bib-027]\]. Frisancho-Kiss *et al.* showed that the increased inflammation in male mice is not due to greater viral replication in the heart, but rather associated with increased cytokines, interleukin (IL)-1β, IL-1--18 and interferon (IFN)-γ \[[@bib-028]\]. To study the effect of male sex hormones on the cardiac inflammation, Frisancho-Kiss gonadectomized male BALB/c mice prior to infection with coxsackievirus B3 and found a shift in the macrophage/monocyte population with a greater percentage of M2 macrophages in the gonadectomized males \[[@bib-029]\]. Similar findings have been described using the cardiac myosin-induced disease \[[@bib-030]\]. These findings help to align the experimental models with the human disease.

In addition to identifying genes determining susceptibility to autoimmune myocarditis, the experimental models lend themselves in functional studies to trace the critical steps leading to autoimmune myocarditis. These studies have recently been summarized \[[@bib-031]\]. For example, two early cytokines, IL-1β and tumor necrosis factor-α are necessary and sufficient for determining the progression from initial viral myocarditis to later autoimmune myocarditis. Additional evidence showing that the early innate immune response to the virus dictated subsequent autoimmune myocarditis came from experiments administering bacterial lipopolysaccharide at the time of viral infection. Activation of innate immunity through toll-like receptor (TLR) 3 induced later autoimmune myocarditis even in genetically resistant C57BL/6 mice. Although a single cytokine does not predict oncoming autoimmune disease, we found that patterns of inflammatory cells and their cytokine products predicted spontaneous resolution, autoimmune lymphocytic myocarditis, dilated cardiomyopathy or eosinophilic myocarditis following viral infection.

Placing the blame {#s03}
=================

The studies described above identify the CD4+ T cell as an orchestrator of the autoimmune response in myocarditis. The presence of cardiac myosin-specific T cells in the periphery of normal mice is evidence that T cells with this specificity are not fully deleted during their education in the thymus. Normally, self-reactive T cells are continually well regulated and controlled. Sometimes these few naturally occurring self-reactive T cells can be strongly stimulated and lead to autoimmune disease. Virus infection itself is a potent T cell stimulator, as is its surrogate, complete Freund adjuvant. Coxsackieviruses are ideally qualified to prime T cells because they can provide both the antigen-specific signals by injuring heart muscle cells and antigen-non-specific adjuvant signals used for T cell activation \[[@bib-032]\].

Both the quantity and quality of activation signals given to T cells are shaped by antigen-presenting cells, such as the dendritic cell. Non-antigen-specific signals act as an adjuvant and determine the balance between up- and down-regulatory effects \[[@bib-033]\]. The strength of the antigen-specific signal depends upon the effectiveness of clonal deletion. The affinity of T cell receptor binding and the availability of the antigen are all factored into the final strength of the antigen-specific signal. Once adaptive immunity inaugurates T cell proliferation, the initially targeted epitope-specific response begins to amplify. In the case of an autoimmune response, the broadening may involve both intramolecular spread to additional epitopes on the myosin antigen or, even more striking, extension to additional cardiomyocyte antigens. For example, immunization with troponin I later gives rise to antibodies to cardiac myosin \[[@bib-010]\]. Clinically, the appearance of autoantibodies directed to multiple cardiac-specific antigens is indicative of a mounting autoimmune response.

Several varied effector pathways dictate the course of disease progression and its outcome. In the case of autoimmune myocarditis, all three of the major helper T cell effector pathways are engaged in producing pathogenic autoimmunity \[[@bib-034]\]. Different forms of myocarditis are associated with earlier or greater production of IL-12 (the Th1 inducer), IL-4 (a T helper cell type 2 \[Th2\] inducer) and IL-23 (required for continued Th17 response). The subsequent immune response does not always follow the prototypic pathways. IFN-γ, the customary signature cytokine of a Th1 response, retards the development of myocarditis, perhaps by suppressing the Th1 response and favoring Th17. On the other hand, IL-13 (a cytokine associated with Th2 responses) diminishes disease, in contrast to IL-4 which enhances disease \[[@bib-031]\].

The changing cytokine profile dictates dramatic differences in disease outcome. The administration of anti-IL-4 antibody or genetic knockout greatly decreases the severity of the eosinophilic and giant cell myocarditis characteristic of A/J mice \[[@bib-034]\]. IL-17, a cytokine long associated with neutrophilic inflammation, has little impact on the overall severity of inflammation in autoimmune myocarditis at its peak on day 21 in BALB/c mice but is critical for later cardiac remodeling and dilated cardiomyopathy \[[@bib-035]\]. Unexpectedly, IL-17 acts on cardiac fibroblasts to promote a fibrotic response. The balance of mediators acts to tailor the inflammatory response. As stated previously, the IFN-γ-deprived mice developed a particularly severe inflammatory myocarditis. Crossing an IFN-γ deficient animal with an IL-17A deficient mouse produces a strain that, on immunization with cardiac myosin, produces a rapidly fatal eosinophilic myocarditis \[[@bib-036]\]. It resembles the life-threatening necrotic eosinophilic myocarditis seen in humans. These experiments provide hints that the precise profile of inflammatory cells and their cytokine products as they evolve early during the course of disease predicts the eventual disease outcome.

Clonal deletion and molecular mimicry -- two sides of the coin {#s04}
==============================================================

In explaining infection-induced autoimmunity, molecular (or, more precisely, epitope) mimicry is the most cited mechanism \[[@bib-037]\]. Indeed, there are several well-established examples where a particular antigen or combination of antigens from a microorganism are actually able to reproduce the cardinal features of a relevant autoimmune disease under experimental conditions. The β-hemolytic streptococcus, a bacterium clinically and epidemiologically associated with rheumatic fever, has been shown in a mouse or rat to elicit both the myocarditis and endocarditis characteristic of rheumatic heart disease. Similarly, antigens from *Campylobacter jejuni*, a common bacterial inhabitant of the intestine, on experimental immunization produce evidence of neurologic dysfunction suggestive of Guillain-Barre syndrome.

Beyond these examples of actual induction of disease, a vast number of instances of epitope mimicry between microorganisms and human cellular antigens have been described. In the great majority of instances, there is still no evidence, however, that the antigenic mimic is capable of inducing an autoimmune disease.

The preponderance of evidence indicates that the clonal deletion of self-reactive T cells is rarely complete. Elimination of T cells in the thymus depends upon the affinity of their receptor with antigen-presenting medullary cells \[[@bib-038]\]. Negative selection ranges from complete clonal deletion to none. Complete deletion takes place with only a few major antigens, such as the dominant carbohydrate moieties of the major ABO blood group antigens \[[@bib-039]\]. Autoantibodies are never produced to these antigens by subjects who present the respective antigen. At the other end of the spectrum are strictly tissue-limited organ-specific antigens, such as the lens and the sperm. It is relatively easy to induce autoantibodies to these antigens. Thymic presentation of self-antigens is essential for normal self-tolerance. Some organ-specific antigens are mainly presented in the thymus through the agency of autoimmune regulatory (AIRE) genes. Mice lacking these genes spontaneously develop different organ-specific diseases, their form depending primarily on the MHC haplotype of the mouse. Most other self-antigens are somewhere on this continuum from inducing no autoimmunity to producing pronounced autoimmune responses.

The fact that clonal deletion is generally incomplete means that there is an ever-present risk of loci of self tolerance and developing autoimmune disease. Yet, the long-range danger that would arise from complete deletion of all self-reactive T cells is even greater. The extensive sharing of epitopes between microorganisms and the human body might entail complete removal of all cross-reacting and self-reactive T cell precursors. It would narrow the ability of the human host to recognize and respond to many of the critical epitopes of invading pathogenic microorganisms. Inevitably, it would lead to major deficits in the host's protective immunity. Such infamous "black holes" in the protective immune repertoire, rendering the host susceptible to infectious disease, would be strongly selected against by evolution. In short, despite molecular mimicry and its risk of inducing autoimmune disease, maintaining a full repertoire of T lymphocytes is required to recognize present and future pathogenic microorganisms.

The argument on the B cell side is even clearer. Self-reactive "natural" antibodies are well represented in the normal circulation. Although usually of low affinity and highly cross-reactive, natural autoantibodies represent an important first-line defense in the innate immune system. They are often dismissed as "background noise". The long-standing practice in clinical immunology laboratories has been to dilute serum samples several fold before testing for disease-associated autoantibodies to avoid "false positive" tests. The persistence of mature autoantibodies over time suggests that they represent an important survival mechanism in an environment filled with potential pathogens.

Since most self-reactive T cells are not deleted during development, various mechanisms have evolved to control them \[[@bib-040]\]. At this time, the best studied candidates for a regulatory mechanism depend upon a specialized population of regulatory CD4 T cells. The history of these cells goes back to early studies on neonatal or post-irradiation thymectomy, which can lead to the spontaneous occurrence of organ-specific autoimmune disease \[[@bib-041]\]. The important function of these cells is well demonstrated in mice, but therapeutic applications in humans have been less clear cut. This suggests that classical regulatory T cells represent just one of a large number of agents for maintaining self-tolerance. Increasing evidence points to B cells and myeloid cells as additional directors of peripheral self-tolerance because they are in an ideal position to influence antigen-specific and non-antigen-specific unresponsiveness. As examples of normal immune regulators, **c**ytotoxic **T**-**l**ymphocyte **a**ntigen**,** PD-1 and PD-L-1 have been identified, and their involvement in preventing myocarditis and other autoimmune diseases has been reported. It is likely that the sum total of multiple, subtle regulatory factors, specific and non-specific, makes the pivotal difference between everyday harmless natural autoimmunity and a pathogenic autoimmune train wreck.

Chaos and prediction {#s05}
====================

The goal of the immune system, as with all of the physiologic systems of the body, is to maintain the stable platform from which the essential functions of life can be performed and sustained \[[@bib-042]\]. Functionally the most successful homeostatic state has been selected over time by evolution. Evolution related to immunology is ever changing. Macroevolution over millennia has provided humans with both an innate and an adaptive immune system, and selected mechanisms for optimal protection against pathogenic microorganisms. Microevolution is represented by the changes constantly occurring over the life span. They include the regular alterations in form and function within the body from birth to death. External influences include physical, chemical and infectious agents encountered in the environment. The microbiologic inhabitants of the body (the microbiome) live in a carefully balanced state of mutual accommodation and interact intimately with the immune system. The normal immune system responds to a constantly changing spectrum of challenges to the survival and reproduction of the host.

Chaos and predictability {#s06}
========================

Because the elements that go into maintaining immunologic homeostasis are incredibly complex and intimately interactive, a change in any one of the myriad components is reflected throughout the system. Identifying and understanding changes in a simple component of the system separately at any point of time would not enable us to predict the final outcome. The immune system represents a classical example of chaos.

Several decades ago, mathematicians developed tools for looking at natural systems, such as weather. While starting with the assumption that the only prediction one can make about a complex system is that it is unpredictable, chaos theory discerned certain patterns that are repeatable and can be applied to similar situations. Although every snowflake is different, the overall six-branched structure is absolutely predictable.

Our studies of myocarditis over the years convinced us that we can recognize overall patterns in the course of infection and the subsequent development of autoimmunity that will allow us to predict the eventual outcome. Our goal remains to determine, at the earliest stages, when an autoimmune response has exceeded the boundaries of normal homeostatic immunoregulation and is progressing from natural autoimmunity to autoimmune disease. Intervening before irreversible damage has occurred should enable us to arrest or even reverse autoimmune disease. We seek those tell-tale patterns in the prior infectious process that warn of a pathogenic deviation from immunologic homeostasis. In experimental models, we have discovered that distinctive cytokine patterns during early inflammation tell us what we can expect: a rapidly evolving eosinophilic myocarditis, a slow progression to dilated cardiomyopathy or remission and recovery.
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